Abstract Groundnut rosette disease is
Introduction
Peanut (Arachis hypogaea L.) is cultivated in the semi-arid tropical and sub-tropical regions of approximately 100 countries on six continents between 40°N and 40°S (Naidu et al. 1999) . In developing regions of Asia, Africa and South America, peanut is the principal source of digestible protein, cooking oil and vitamins (Savage and Keenan 1994) and contributes significantly to food security and alleviating poverty (Smartt 1994) . Peanut is an important crop in sub-Saharan Africa (SSA) and is mostly grown by smallholder farmers as a subsistence crop under rainfed conditions ).
Groundnut rosette disease causes greater yield loss than any other viral disease affecting peanut in the semi-arid tropics of the world and is the most destructive viral disease of peanut in Africa (Naidu et al. 1999) . It is assumed to be endemic to peanut-growing regions of SSA and Madagascar. The most serious yield losses were reported during 1975 when an epidemic in northern Nigeria destroyed approximately 0.7 million ha of peanuts, with an estimated loss of US$250 million (Yayock et al. 1976) .
Groundnut rosette disease is caused by a complex of three agents comprising Groundnut rosette virus (GRV) (Reddy et al. 1985) , satellite RNA (sat RNA) (Murant et al. 1988) and Groundnut rosette assistor virus (GRAV) (Casper et al. 1983) . GRAV, GRV and sat RNA are intricately dependent on each other, and all three must be present for severe disease symptoms. GRV is mechanically transmissible (Hull and Adams 1968) and replicates independently in plants. It supports replication of the sat RNA (Murant et al. 1988) . GRAV and GRV do not cause obvious symptoms on their own or, at most, result in transient mottle in peanut; sat RNA is primarily responsible for disease symptoms. Variants of the sat RNA cause chlorotic and green forms of the disease (Murant and Kumar 1990) . Aphis craccivora Koch is the principal aphid vector of groundnut rosette disease agents (Storey and Ryland 1955) .
Host-plant resistance is considered to be the most costeffective management measure for rosette disease because resource-poor farmers seldom adopt cultural or chemical control practices due to a lack of capital, labour constraints and differential crop priorities. Resistance to groundnut rosette disease was first identified in 1952 in peanut landraces from Burkina Faso and the Ivory Coast (Sauger and Catherinet 1954a, b) . It was effective against GRV and its sat RNA and was governed by two recessive genes (de Berchoux 1960; Bock et al. 1990 ). Resistance to GRAV has not been identified (Chiyembekeza et al. 1997 ). Resistance to the aphid vector A. craccivora was first identified by Padgham et al. (1990) and found to be governed by a single recessive gene (van der Merwe 2001). Aphid-resistant sources are, however, susceptible to GRAV, GRV and sat RNA (Minja et al. 1999 ). On-farm evaluations in Malawi over a 3-year period identified agronomically acceptable genotypes showing resistance to either GRV and its sat RNA, or aphids (Chiyembekeza et al. 1997) .
Breeding efforts should focus on developing genotypes with resistance to both the virus (GRV) and its vector, which would be expected to be more stable than those with only one of the components. Molecular markers linked to either GRV or aphid resistance genes would facilitate efficient pyramiding of these genes in a single variety. This would compliment classical breeding programmes and provide the basis for map-based cloning for groundnut rosette resistance genes. However, results throughout the world (Grieshammer and Wynne 1990; Halward et al. 1991; He and Prakash 1997; Hopkins et al. 1999; Subramanian et al. 2000; Herselman 2003) have indicated that molecular work on cultivated peanut presents a significant challenge due to its inherent narrow genetic base.
Genetic variability in A. hypogaea is difficult to detect using molecular marker systems, i.e. isozymes (Grieshammer and Wynne 1990; Lacks and Stalker 1993) , restriction fragment length polymorphisms (RFLPs) Halward et al. 1994) , random amplified polymorphic DNAs (RAPDs) Subramanian et al. 2000) , amplified fragment length polymorphisms (AFLPs) (He and Prakash 1997; Herselman 2003) or microsatellite analysis (Hopkins et al. 1999; Ferguson et al. 2004 ). Herselman (2003) , however, successfully used MluI/MseI-AFLP primer combinations to detect genetic variability in closely related cultivated peanut genotypes. Garcia et al. (1996) used RAPD and sequencecharacterized amplified region (SCAR) technology to map two dominant genes that conferred resistance to the root-knot nematode Meloidogyne arenaria (Neal) Chitwood Race 1 in a segregating F 2 population derived from a cross between wild A. cardenasii Krapov. and W.C. Greg. and cultivated A. hypogaea species. Two markers were identified that mapped 10±2.5 and 14±2.9 cM from the two resistance genes, respectively. Burow et al. (1996) reported three RAPD markers linked to a single dominant M. arenaria resistance gene that were derived from tetraploid plants of the hybrid Florunner with three wild peanut species. Stalker and Mozingo (2001) reported the identification of RAPD markers explaining up to 35% of the variation for early and late leaf spot resistance in a peanut population which contained the wild species A. cardenasii in its pedigree and 10% of the variation in a A. hypogaea × A. hypogaea cross. The latter was the first report on molecular markers associated with resistance genes in an A. hypogaea × A. hypogaea cross.
Although reports of linkage between various morphological traits exist (Patel et al. 1936; Coffelt and Hammons 1973; Murthy et al. 1988) , no linkage map has been constructed for cultivated peanut, neither have any traits been mapped to a specific peanut chromosome (Stalker 1991) . When complete, a peanut map should consist of ten linkage groups corresponding to the haploid chromosome compliment of tetraploid peanut. Burow et al. (1999) constructed a genetic linkage map for wild peanut consisting of 22 linkage groups and using a backcross population developed from a cross between the cultivated peanut Florunner and [(A. batizocoi Krapov. and W.C. Greg. × (A. cardenasii × A. diogoi Hoechne)) 4x] using approximately 350 segregating RFLP loci. A total map distance of 2,700 cM was covered.
The investigation reported here was undertaken to identify AFLP markers linked to aphid resistance for groundnut rosette disease and to develop a basic genetic linkage map for cultivated peanut.
Materials and methods

Plant material
A segregating F 2 population derived from a cross between the aphid-resistant female parent (R parent) ICG 12991 and the aphid-susceptible male parent (S parent) ICGV-SM 93541 was obtained from Dr. P.J.A. van der Merwe based at ICRISAT-Malawi in 2001. ICG 12991 is a spanish-type landrace from India, while ICGV-SM 93541 was developed by ICRISAT-Malawi and is a red seeded variety with early leaf spot resistance. Parental and F 2 seed were treated with a protectant fungicide (thiram at 3 g kg seed
) and an inoculant for effective nitrogen fixation [Bradyrhizobium sp. (Arachis)] prior to sowing. A total of 200 F 2 seeds were planted in sterile soil in 4-l plastic pots (one seed per pot) and maintained in a glasshouse at 28°±2°C/21°±2°C (day/night) under a 14/10-h (day/night) photoperiod. Young leaves were sampled from individual plants for DNA analysis at approximately 21 days after planting. F 2 plants were selfpollinated and F 3 seed were harvested 131-146 days after planting.
Phenotypic evaluation of F 3 populations
A non-viruliferous aphid (A. craccivora) colony was derived from approximately 20 aphids collected from cowpea (Vigna unguiculata L.) plants in a field trial at Potchefstroom, South Africa. The colony was maintained on two susceptible peanut genotypes, Sellie and ICGV-SM 93555, in a glasshouse maintained at a 28°±2°C/25°± 2°C (day/night) under a 14/10-h (day/night) photoperiod. Ten seeds of 139 individual F 3 plants were selected for aphid resistance screening. Seed were treated similar to F 2 seeds and planted in 0.3-l plastic pots (one seed per pot) in sterile soil in a randomized complete block design. Each seed represented a repeat. Seed from the aphid-susceptible parent ICGV-SM 93541 and aphid-resistant parent ICG 12991 were included as positive and negative controls, respectively. Two wingless (apterae) aphids were transferred onto 7-to 14-day-old F 3 peanut seedlings. Plants were scored for presence or absence of aphid colonies (adults as well as nymphs) 7 days after infestation. Plants with no aphid colonies were re-infested with viable aphids 7 days after the first infestation. All plants were scored for the presence or absence of aphid colonies 7 days after the second infestation and repeated at 14 days. Homozygous resistant and susceptible F 2 plants were selected based on aphid colonization on each of the ten F 3 progenies. Lines considered to be resistant had a mean number of aphids of 0.8 or less per plant, and those considered to be susceptible had a mean number of at least 16.7 aphids per plant. The F 2 and F 3 population data on disease reaction were subjected to chi-square tests.
AFLP analysis
Total genomic DNA was isolated using the CTAB (hexadecyltrimethylammonium bromide) method (Saghai Maroof et al. 1984) . Absorbencies were measured at 260 nm and 280 nm, respectively, to determine DNA quantity and quality. AFLP analysis (Vos et al. 1995) , gel Primer +3  GACTGCGTAACCGCGTNN  TNN = TAA, TAC, TCA, TGC, TTA, TCT, TGT, TTG  PstI  Primer +1  GACTGCGTAGGTGCAGT  Primer +3  GACTGCGTAGGTGCAGTNN  TNN = TAA, TAG, TCA, TCC, TGC, TGG, TTA, TTC  MseI Primer +1 GATGAGTCCTGAGTAAN N = A, C, G, T Primer +3 GATGAGTCCTGAGTAANNN NNN = CAA, CAC, CAG, CAT, CTA, CTC, CTG, CTT, ACA, ACC, ACT, CGT, CCG, GAA, GAG, GGC, TAC, TTG electrophoresis and visualization of AFLP fragments were performed using the method of Herselman (2003) . Bulked segregant analysis (BSA) (Michelmore et al. 1991) was performed by constructing two bulks of the extremes (resistant and susceptible). Equivalent amounts of DNA from ten randomly selected F 2 individuals identified as homozygous aphid-resistant and ten randomly selected F 2 individuals identified as homozygous aphid-susceptible, on the basis of F 3 phenotypic data, were pooled to represent the resistant and susceptible bulks, respectively. Primers and adaptors used for marker identification are shown in Table 1 . A total of 308 primer combinations (20 EcoRI+3/MseI+3, 144 MluI+3/MseI+3 and 144 PstI+3/MseI+3) were tested on the two parental lines and two bulk samples. Enzyme combinations were selected based on results obtained by Herselman (2003) . Primer combinations that generated informative polymorphisms between the parental lines and the two bulk samples were tested on the 20 individual plants comprising the bulk samples followed by screening of informative primer combinations on a further 40 F 2 individuals from the segregating population. Markers revealing polymorphisms across the entire F 2 segregating population were used for constructing a putative linkage map.
Statistical analysis of data
A binary matrix reflecting specific AFLP markers as present (1) or absent (0) was generated for each genotype. Only reliable and repeatable markers were considered. Data obtained from AFLP analyses were analysed using a general linear model of the STATGRAPHICS PLUS COMPUTER programme (Manugistics, Rockville, Md., 1998) with genetic marker data as the independent variable and rosette disease rating as the dependant variable. Association between the DNA marker and trait (aphid resistance) was considered to be significant if the probability was P<0.05. A threshold of 0.05 at the genome level was chosen that corresponds to a threshold of 0.026 for each individual test using the Bonferonni correction. The coefficient of determination (R 2 ) was used as a measure of the magnitude of association.
MAPMAKER/EXP 3.0 (Lander et al. 1987) was used for linkage analysis and the drawing of a linkage map and MAPMAKER/QTL 1.1 (Paterson et al. 1988) for the localization of resistance genes on the linkage map. Linkage data were used to assign markers to linkage groups if the minimum log-likelihood scores (LOD) were 3.0 and maximum recombination frequencies (θ) 0.5, using the Haldane mapping function. The resistance gene position on the map was determined by either treating the trait as a marker and mapping it with the other markers using MAPMAKER/EXP 3.0 or by using the scan command of MAPMAKER/QTL 1.1 to identify the position of the resistance gene. All linkage groups were scanned for presence of a quantitative trait loci (QTL) effect at a LOD threshold of 3.0 in every 2.0-cM interval using MAPMAKER/QTL at a recessive model (Lincoln et al. 1992) .
Results
Evaluation of the F 3 population segregating for aphid resistance
Results from the F 3 seedling infestations showed a good fit to the expected 1:2:1 (homozygous-resistant:segregating: homozygous-susceptible) ratio for a single recessive gene, and this was confirmed by chi-squared tests ( Table 2 ). The F 3 data were extrapolated to confirm the expected 1:3 (resistant:susceptible) ratio for the F 2 population (Table 2) indicating a single recessive gene governing resistance to the aphid vector of groundnut rosette disease. Based on the F 3 aphid colony data, ten homozygous resistant and ten homozygous susceptible F 2 plants were selected for the construction of the two bulk samples as well as another 40 F 2 plants for further AFLP analysis.
AFLP analysis
The 308 AFLP primer combinations-20 EcoRI/MseI combinations, 144 MluI/MseI combinations and 144 PstI/ MseI combinations-used to screen the parental and bulk DNA amplified a total of 12,315 fragments, of which 986 (8.0%) were polymorphic between the parental lines. Only 118 (0.96%), however, were polymorphic between the bulk samples. EcoRI/MseI, MluI/MseI and PstI/MseI primer combinations amplified an average of 76.1, 40.6 and 34.4 fragments per primer combination, respectively. Although MluI/MseI primer combinations detected fewer fragments per primer combination than EcoRI/MseI primer combinations, the former detected the highest percentage of polymorphic fragments in the parental lines (11.31%) and bulk samples (1.35%), compared to the 6.20% and 0.61% with PstI/MseI primer combinations and the 1.18% and 0.59% using EcoRI/MseI primer combinations. Furthermore, the MluI/MseI approach detected an average of 4.59 and 0.55 polymorphisms per primer combination between the parental lines and between the two bulk samples, respectively, compared to the 2.13 and 0.21 detected by the PstI/MseI primer combinations and the 0.90 and 0.45 detected by the EcoRI/MseI primer combinations (Table 3) . Statistical analysis on 18 of these putative markers tested on the 20 individuals and an additional 40 individuals is presented in Table 4 . A standardized notation of naming the EcoRI+3 (E+3), MluI+3 (Ml+3) or PstI+3 (P+3) selective nucleotides first and the MseI+3 (M+3) selective nucleotides secondly, was used throughout. Twelve of these markers originated from the S parent ICGV-SM 93541 and six originated from the R parent ICG 12991. The most significant association (R 2 =76.1%, P=0.000) with aphid resistance in 60 individual F 2 plants was obtained with marker Ml-TTG/M-GAA1 originating from the S parent, followed by P-TCA/M-ACT1 (R 2 =31.2%; P=0.000). The marker originating from the R parent with the best association was Ml-TTG/M-ACC2 (R 2 =11.7; P=0.004).
Linkage analysis and gene mapping
Data obtained from 12 primer combinations that detected polymorphisms within the 60 individuals from homozygous selections from the segregating F 2 population were used for constructing a putative genetic linkage map for cultivated peanut using MAPMAKER/EXP and the information from 19 AFLP markers (three EcoRI/MseI, 12 MluI/MseI and four PstI/MseI). Five linkage groups were identified 
with two markers each mapping to linkage groups 1-4, and three markers mapped to linkage group 5. Eight putative markers were unlinked, and a total of 139.4 cM of the genome was covered in the construction of the map (Fig. 1) . After scanning the linkage map using recessive genetics, we identified one putative QTL for aphid resistance on linkage group 1, 3.9 cM from marker Ml-TTG/M-GAA1 (Fig. 1) , which explained 100% of the variation in groundnut rosette disease in the segregating population (LOD: 111.4). Treating the trait as a marker and mapping it with the other markers using MAPMAKER/EXP confirmed the position of the resistance gene on the map.
Discussion
In this study, molecular markers linked to aphid resistance in peanut were successfully identified and mapped using a F 2 population segregating for aphid resistance in combination with BSA and AFLP analysis. BSA, combined with selective genotyping, reduced the amount of mapping needed to localize the targeted gene. AFLP analysis has the advantage of being reproducible and having a high multiplex ratio. However, AFLP markers are dominant and in most cases need to be converted into sequencetagged site markers to generate breeder-friendly markers for marker-assisted selection (MAS). Three AFLP enzyme combinations (EcoRI/MseI, MluI/MseI and PstI/MseI) were used to screen the F 2 population. MluI/MseI primer combinations proved to be the most efficient for detecting polymorphisms in cultivated peanut. PstI/MseI primer combinations were used for the first time and selected based on the methylation sensitivity of PstI and the successful application of this approach in plant species with large genomes (Vuylsteke et al. 1999; Young et al. 1999) . PstI/MseI primer combinations detected the lowest number of loci (average of 34.4 loci per primer combination) as was expected due the methylation sensitivity of PstI.
Evaluation of polymorphic markers across 60 individuals of the segregating population revealed eight putative AFLP markers (five in repulsion phase and three in coupling phase with the R allele) closely linked (P<0.05) to aphid resistance in the F 2 cultivated peanut population. Markers Ml-TTG/M-GAA1 and P-TCA/M-ACT1 (originating from the S parent) accounted for the greatest variation in aphid resistance (76.1%; P=0.000 and 31.2%; P=0.000, respectively) and are linked to the aphidsusceptible allele of parent ICGV-SM 93541. These markers may be useful in MAS and would serve to select against the aphid-resistant allele of parent ICG 12991, thereby providing a greater proportion of homozygousresistant selections and help in the identification of both segregating and homozygous susceptible selections (Haley et al. 1994) . However, the applicability of these markers will be limited to populations with an identical aphidsusceptible allele as parent ICGV-SM 93541. Ideally, MAS for a single recessive gene should employ markers originating from both the R and S parents. The marker in coupling with the S allele would assist in the identification of heterozygous individuals, while the marker in coupling with the R allele would assist in the selection of individuals containing the resistant allele. An even better solution would be to have two co-dominant markers flanking the gene on both sides. The present study is the first report on the identification of molecular markers closely linked to a resistance gene for cultivated peanut that explains more than 75% of the phenotypic variation.
Information from 19 polymorphic AFLP markers (three EcoRI/MseI, 12 MluI/MseI and four PstI/MseI) was used to construct a partial genetic linkage map. Eleven markers were distributed among five linkage groups covering 139.4 cM of the genome. Eight of the polymorphic markers were unlinked. The single recessive gene for aphid resistance was mapped between markers Ml-TTG/ M-GAA1 and P-TCA/M-ACT1 on linkage group 1. These markers showed the best associations (76.1% and 31.2%) with aphid resistance and mapped 22.8 cM apart. The gene Fig. 1 AFLP-based genetic linkage map for cultivated groundnut developed using homozygous selections from a F 2 population derived from a cross between a resistant (ICG 12991) and susceptible (ICGV-SM 93541) parent for groundnut rosette vector resistance. Loci were ordered using MAPMAKER/EXP, and positions for putative QTLs for vector resistance were determined using MAPMAKER/QTL mapped 3.9 cM from marker Ml-TTG/M-GAA1 and 18.9 cM from marker P-TCA/M-ACT1. This is consistent with a single recessive gene for aphid resistance (van der Merwe 2001).
We report here the first application of the rare-cutting restriction enzyme PstI in combination with the frequent cutter MseI in AFLP analysis on cultivated peanut. MluI/ MseI primer combinations were identified as the best AFLP enzyme combination for the detection of polymorphisms in cultivated peanut. The application of MluI/ MseI primer combinations should facilitate the efficient detection of polymorphisms in wild species of peanut, since higher variability exists among diploid wild species than among cultivated peanut Halward et al. 1991) . The efficient ability of this enzyme combination to detect polymorphisms in cultivated peanut should enable researchers to develop a more saturated genetic linkage map for cultivated peanut or at least enable them to add AFLP markers to the existing RFLP maps of peanut, constructed using a combination of cultivated and wild species (Halward et al. 1994; Burow et al. 1999) . Since the germplasm base of cultivated peanut is extremely narrow, breeders might have to evaluate and utilize related wild species in order to enhance the genetic variability available for the development of improved cultivars. Extensive screening of wild Arachis species has revealed these genetic resources to be valuable as sources of disease and insect resistance, tolerance to environmental stresses (ICRISAT 1982) and variation for protein and oil quality (Cherry 1977) . The development of genetic linkage maps for peanut will enable breeders to tag and follow the introgression of specific chromosome segments linked to desirable traits from wild species into breeding lines of cultivated peanut. However, it is desirable to develop a genetic map of cultivated peanut as alien species have not been used in the breeding of modern peanut cultivars (Isleib and Wynne 1992) .
Recent studies have demonstrated the potential of single-nucleotide polymorphisms (SNPs) as the next generation of genetic markers in plants (Hayashi et al. 2004) . Because SNPs are highly abundant, occur frequently throughout genomes and tend to be relatively stable genetically (Batley et al. 2003) , their potential use as the next generation of genetic markers in a species lacking polymorphisms (e.g. peanut) should be explored in future.
This study has elucidated a number of issues regarding the use of molecular markers in an analysis of cultivated peanut. AFLP analysis data were successfully used to construct the first partial AFLP-based genetic linkage map for cultivated peanut. The resistance gene was successfully mapped onto this linkage map. Future studies should focus on the conversion of the AFLP markers to SCAR markers as well as the identification of a marker originating from the R parent for aphid resistance and markers linked to the two recessive genes governing virus (GRV) resistance. The availability of more than one marker would be more useful in peanut breeding programmes where aphid and virus resistance are pyramided into the same cultivars or lines.
